A tuberculosis vaccine candidate consisting of a 72-kDa polyprotein or fusion protein based upon the Mtb32 and Mtb39 antigens of Mycobacterium tuberculosis and designated Mtb72F was tested for its protective capacity as a potential adjunct to the Mycobacterium bovis BCG vaccine in the mouse and guinea pig models of this disease. Formulation of recombinant Mtb72F (rMtb72F) in an AS02A adjuvant enhanced the Th1 response to BCG in mice but did not further reduce the bacterial load in the lungs after aerosol challenge infection. In the more stringent guinea pig disease model, rMtb72F delivered by coadministration with BCG vaccination significantly improved the survival of these animals compared to BCG alone, with some animals still alive and healthy in their appearance at >100 weeks post-aerosol challenge. A similar trend was observed with guinea pigs in which BCG vaccination was boosted by DNA vaccination, although this increase was not statistically significant due to excellent protection conferred by BCG alone. Histological examination of the lungs of test animals indicated that while BCG controls eventually died from overwhelming lung consolidation, the majority of guinea pigs receiving BCG mixed with rMtb72F or boosted twice with Mtb72F DNA had mostly clear lungs with minimal granulomatous lesions. Lesions were still prominent in guinea pigs receiving BCG and the Mtb72F DNA boost, but there was considerable evidence of lesion healing and airway remodeling and reestablishment. These data support the hypothesis that the coadministration or boosting of BCG vaccination with Mtb72F may limit the lung consolidation seen with BCG alone and may promote lesion resolution and healing. Collectively, these data suggest that enhancing BCG is a valid vaccination strategy for tuberculosis that is worthy of clinical evaluation.
Disease caused by Mycobacterium tuberculosis continues to result in over 8 million new cases each year, and it remains the highest single cause of mortality from an infectious bacterial pathogen, with an estimated 2 million deaths per year (5, 10, 19, 20) . Multiple factors contribute to this epidemic, including the coincidence of AIDS and malnutrition.
The vaccine for tuberculosis, Mycobacterium bovis Bacillus Calmette-Guerin (BCG), has been widely available since the 1950s. It is easy and cheap to produce, and when given to neonates or young children, it is effective in preventing severe manifestations of disease such as meningeal tuberculosis and miliary tuberculosis. However, in terms of the capacity of the vaccine to protect adult humans, it shows a wide range of efficacy, including zero levels of protection in some studies (9, 21) . Examination of the substrains of widely distributed BCG has shown evidence of sequential loss of genetic content, leading to the suggestion that the vaccine may have been attenuated to avirulence, thus losing its capacity to confer protection (2) (3) (4) .
Because of the general realization that BCG has a highly variable protective effect, particularly in terms of preventing adult-onset tuberculosis, a major effort has evolved to try to develop new alternative vaccines. In fact, multiple innovative approaches have been tried, including the development of recombinant vaccines, mutants of existing M. tuberculosis, subunit vaccines, and DNA-based vaccines (12, 15, 17, 18) . Many of these candidates have shown some degree of protection in the mouse tuberculosis challenge model, which is the most widely used primary screening model.
One such candidate, Mtb72F, consisting of either a polyprotein vaccine formulated in the AS02A adjuvant or a DNA vaccine, was recently described (22) . This polyprotein antigen was derived from two known M. tuberculosis antigens, and when combined with AS02A or delivered as naked DNA, was found to be immunogenic in mice, conferring significant protection against an aerosol challenge infection. In the studies described here, this vaccine was further evaluated in the more stringent guinea pig model (1, 14, 24) , a model in which animals develop severe necrosis similar to that seen in untreated tuberculosis in humans. The results of this study show that the Mtb72F protein given as an adjunct to BCG vaccination substantially increased the survival of guinea pigs infected with pulmonary tuberculosis compared to BCG given alone, whereas DNA was less effective but still showed a similar trend. Moreover, whereas animals vaccinated with BCG alone even-tually succumbed to increasing lung tissue consolidation, surviving animals given the vaccine combination showed longterm survival and evidence of potential lesion resolution in their lungs. These data support the hypothesis that coadministering or boosting BCG, rather than removing or replacing it, is a valid strategy for improving vaccination against tuberculosis.
MATERIALS AND METHODS
Animals. Specific-pathogen-free 6-to 8-week-old female C57BL/6 mice and female outbred Hartley guinea pigs (ϳ500 g in weight) were purchased from Charles River Laboratories (North Wilmington, Mass.) and held under barrier conditions in a biosafety level III animal laboratory.
Experimental vaccines.
In mouse experiments, BCG (5 ϫ 10 6 CFU) was given subcutaneously. Negative control mice were given saline or DNA empty vector only. Adjuvants consisted of formulations based upon mixtures of MPL and QS-21 adjuvants combined with an oil-in-water emulsion (referred to as AS02A) (GlaxoSmithKline Biologicals, Rixensart, Belgium) (6, 23) . In BCG-boosted mice, animals were first vaccinated with BCG (5 ϫ 10 6 CFU) subcutaneously, rested for 3 weeks, and then boosted twice at 3-week intervals with a dose of 8 g of recombinant Mrb72F (rMtb72F) formulated in AS02A or 100 g of Mtb72F DNA via the intramuscular route. In guinea pig experiments, BCG was given either alone (intradermally at a dose of 10 3 CFU) or coadministered with 20 g of rMtb72F. Alternatively, guinea pigs were first vaccinated with BCG, rested for 3 weeks, and then boosted with two subsequent intramuscular immunizations of a 400-g dose of Mtb72F DNA, again at 3-week intervals. 
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Experimental infections. M. tuberculosis H37Rv and M. bovis BCG Pasteur were grown from low-passage seed lots in Proskauer-Beck liquid medium containing 0.05% Tween 80 to early mid-log phase. Cultures were aliquoted into 1-ml tubes and stored at Ϫ70°C until used. Thawed aliquots were diluted in double-distilled sterile water to the desired inoculum concentrations. An aerosol generation device (Glas-Col, Terre Haute, Ind.) was used to expose the animals to an aerosol of M. tuberculosis and was calibrated to deliver approximately 20 bacilli into each guinea pig lung. Mice were infected in a similar manner with approximately 100 bacilli.
To assess bacterial loads, individual whole-organ homogenates were plated on nutrient Middlebrook 7H11 Bacto agar (Becton Dickinson Microbiology Systems, Cockeysville, Md.). Organs from the BCG-vaccinated mice were grown on medium supplemented with 2 g of 2-thiophene-carboxylic acid hydrazide/ml to selectively inhibit the growth of the residual BCG bacteria in the test organs. Bacterial colonies were counted after 2 to 3 weeks of incubation at 37°C. The protective effects of vaccination were expressed as log 10 reductions in bacterial counts in immunized mice compared with bacterial counts in the controls.
Survival assays. Survival times for infected guinea pigs were determined by observing animals on a daily basis for changes in food consumption, evidence of labored breathing, and behavioral changes. In addition, animals were weighed on a weekly basis until a sustained drop in weight was observed over several days, indicating illness. At this point, the animal was euthanized and the lung and spleen were removed aseptically. The lower cranial lung lobe was used for inspection of pathology, and the right cranial lung lobe and the spleen were cultured to determine numbers of CFU of M. tuberculosis.
IFN-␥ enzyme-linked immunosorbent assay. Spleen cells from mice were cultured in duplicate 96-well tissue culture plates at 2.5 ϫ 10 5 cells/well with or without Mtb72F. After 72 h, supernatants were harvested and analyzed for gamma interferon (IFN-␥) by a double sandwich enzyme-linked immunosorbent assay with specific antibodies (BD Pharmingen).
IFN-␥ Elispot assay. The number of IFN-␥-expressing cells in single cell suspensions was determined by Elispot. A MultiScreen 96-well plate (Millipore) was coated with 10 g of rat anti-mouse IFN-␥ capture antibody (BD Pharmingen)/ml and incubated overnight at 4°C. Plates were washed with phosphatebuffered saline (PBS) and blocked with RPMI containing 10% fetal calf serum for 1 h. Spleen cells were plated in duplicate at 10 5 cells per well in 100 l and stimulated with 10 g of Mtb72F/ml plus 0.2 ng of interleukin-2/ml for 48 h at 37°C. The plates were then washed with PBS containing 0.1% Tween and incubated overnight at 4°C with a biotin-conjugated rat anti-mouse IFN-␥ secondary antibody at 5 g/ml in PBS containing 0.1% Tween and 0.5% bovine serum albumin. The filters were developed by using the Vectastain ABC avidin peroxidase conjugate and Vectastain AEC substrate kits (Vector Laboratories). The reaction was stopped by washing with deionized water. Plates were then dried, and spots were counted.
Histological analysis. Tissues were fixed in 10% neutral buffered formalin for a minimum of 2 weeks. In each case, the left caudal lung lobe was sectioned through the middle of the lobe. The lobe was the submerged in formalin for 2 weeks or more. The tissues were embedded in paraffin wax. Sections (3 m) were cut and stained with hematoxylin and eosin. The tissues were coded and evaluated by a veterinary pathologist without prior knowledge of time or treatment group.
Statistical method. The difference in bacterial numbers between control mice and vaccinated mice were compared by a one-way analysis of variance of the log 10 CFU. Statistical differences in guinea pig survival times were calculated by using the log rank test.
RESULTS
Boosting BCG with Mtb72F-AS02A in mice increases Th1 response but does not result in increased protection against challenge with M. tuberculosis. As demonstrated recently (22) , mice immunized with the polyprotein Mtb72F formulated in AS02A adjuvant or the corresponding DNA vaccine construct resulted in the induction of a strong Mtb72F-specific Th1 response. In addition, a strong cytotoxic T lymphocyte (CTL) response was observed in the DNA-immunized group. To assess this material further, and to determine whether immune responses to the BCG vaccine could be improved by boosting, spleen cells from mice vaccinated with BCG and boosted with Mtb72F-AS02A were analyzed in vitro. Mice immunized with BCG alone responded weakly following stimulation in vitro with Mtb72F, but a strong IFN-␥ response was seen in mice given BCG followed by the Mtb72F-AS02A boost (Fig. 1A) . This was further confirmed by IFN-␥ Elispot assay (Fig. 1B) .
In further experiments, CTL responses were determined in these mice to the CD8 ϩ -T-cell epitope expressed by the Mtb32c component of the Mtb72F polyprotein. One animal given BCG showed evidence of responding, whereas all animals covaccinated with Mtb72F generated strong CTL responses (Fig. 1C) . Finally, antibody responses to Mtb72F were also determined and found to be highly elevated in mice receiving the Mtb72F boost (Fig. 1D) .
To further determine whether these strong responses to Mtb72F translated into improved protection, the two groups of vaccinated mice were exposed to a low-dose aerosol challenge infection. However, as shown in Fig. 2 , the levels of protection measured were not significantly different between the two Survival studies with Mtb72F polyprotein in the guinea pig model. In the studies described above, boosting of BCG with rMtb72F-AS02A did not enhance protection in mice above that of BCG alone. In our experience, however, such data have to be regarded with caution, given that the mouse aerosol model has a very limited window of protection. Moreover, as demonstrated elsewhere (1), differences that are not obvious in terms of a short-term protection assay can in fact be discerned if guinea pig survival assays are used as an additional readout. These assays can potentially reveal pathological changes that may be beneficial to the animal that may or may not be associated with a drop in the lung bacterial load per se.
In a first such study, groups of guinea pigs were covaccinated with rMtb72F plus BCG prior to low-dose aerosol challenge. In this study (Fig. 3) , animals given saline died in approximately 20 to 25 weeks, with similar results seen for guinea pigs given the adjuvant formulation alone (data not shown). As anticipated, BCG controls lived for approximately 1 year, although a single animal survived for the length of the experiment. An additional control group of BCG plus adjuvant only was not included for economic reasons; we have not to date seen any effect of the AS adjuvants (or DNA vectors for that matter; see below) on BCG-induced survival in several other studies (data not shown). In the group receiving the two vaccines together, one animal died at 52 weeks and another died at 75 weeks, but the other three remained healthy and retained their body weight through to week 113, when the study was curtailed. This extended protection was statistically significant (P ϭ 0.03, one-sided log rank test).
Each of the three surviving guinea pigs that had received BCG plus Mtb72F retained 200 to 800 viable bacilli in their lungs, indicating that they had been infected with M. tuberculosis. The histopathology seen in these animals is shown in Fig.  4 . In the animals, most of the lung tissues had been destroyed by extensive necrosis and mineralization, as anticipated. However, in animals given BCG, multiple coalescing granulomas were seen in animals dying after about 1 year. These granulomas were lymphocytic in nature but had slowly grown to the extent that they eventually consolidated much of the lung tissues, resulting in animal death. In the single BCG-vaccinated guinea pig and in the three guinea pigs vaccinated with BCG plus rMtb72F surviving to week 113 of the experiment, granulomatous tissues could be seen in the lungs, but they were mostly very small and invariably associated with large airways or blood vessels.
We also examined the histologic appearance of the two guinea pigs that died despite being boosted with Mtb72F. In these animals, we found consolidated lesions consisting of extensive multifocal to coalescing granulomas effacing the majority of the pulmonary parenchyma (Fig. 5) , suggesting that, similar to the BCG control group, these animals also died from lung consolidation.
Studies with Mtb72F delivered as a DNA vaccine. Given the very encouraging results of the above studies, parallel experiments were performed with an alternative vaccination strategy comprising a BCG prime and an Mtb72F boost. Mtb72F DNA was used instead of the rMtb72F-AS02A formulation to boost the BCG vaccine because in several previous experiments, on its own, the DNA vaccine has consistently provided protection in the guinea pig model. In this study, protection by BCG alone was more extended, with three of five animals dying by about 80 weeks and the other two animals surviving to the end of the study at 108 weeks (Fig. 6 ). In the group receiving the two vaccines together, four of five animals survived to 104 weeks, with one dying just before the experiment was ended. Because of the longer than anticipated protection seen in the BCG only group, the two groups were not statistically significant (P ϭ 0.27) in terms of survival.
Despite the lack of statistical difference, however, there were obvious differences when the two groups were compared in terms of pathology (Fig. 7) . Guinea pigs vaccinated with BCG alone had extensive lymphocytic granulomatous lesions, as expected, but as these animals began to die, it was apparent that many lesions had developed prominent central areas of coagulative necrosis. However, unlike necrotic lesions in saline 
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Mtb72F BOOSTS THE BCG VACCINE AGAINST TUBERCULOSIS 6627 controls, there was no evidence of any process of mineralization starting in the BCG-vaccinated animals. In contrast to lung tissues showing severe granulomatous inflammation in the BCG controls, guinea pigs receiving BCG followed by boosting with Mtb72F DNA showed signs of healing, in that the necrosis and inflammation had been replaced by fibrous connective tissue (Fig. 7D) . Moreover, in these areas, small airways were clearly being reestablished. Additional examples are shown in Fig. 8 .
DISCUSSION
In a recent study (22) , it was shown that vaccines based upon the Mtb72F polyprotein construct can prolong the survival of guinea pigs exposed to a low-dose aerosol infection with M. tuberculosis H37Rv to an extent that was within the range (40 to 70 weeks) consistently seen in animals protected with the Pasteur substrain of BCG. We extend these observations in the present study to show that when the two vaccines were combined, the survival times observed were consistently longer than that seen in BCG controls. In the case of BCG mixed with rMtb72F, three of five animals were still alive and healthy 113 weeks after aerosol exposure, and a similar percentage were protected at 108 weeks by BCG boosted with Mtb72F DNA. In the experiment with a mixture of BCG and rMtb72F, this amounted to essentially a doubling of the survival time seen in BCG controls. In the study with the Mtb72F DNA boost, survival was not significantly increased at a statistical level, but important differences were observed at the histopathological level.
In this regard, examination of the lungs of animals receiving both BCG and Mtb72F surprisingly showed mostly clear lungs with scattered small pockets of granulomatous inflammation observed mainly around large vessels, an observation in spectacular contrast to that of animals given BCG alone, in which much of the lung tissues had been consolidated prior to the death of these animals. Interestingly, in the two animals that died despite boosting by Mtb72F, the same type of lymphocytic lung consolidation was seen as in the BCG control animals, but it was less pronounced. In further studies, replacing the Mtb72F-AS02A protein-based vaccine with a DNA vaccine was also tried, and whereas evidence for better survival was less convincing, lesions in the BCG controls and in the Mtb72F DNA-boosted animals were clearly different. These data suggested that the BCG group had been strongly protected but had reached a point after about 60 to 70 weeks where lesions were breaking down due to necrosis. This in itself is novel information, since previous work on this model suggested that lung consolidation leading to asphyxiation was the primary cause of death (15) . In the group receiving both vaccines, however, a clearly different pathological process must have been taking place, since the tissues showed considerable evidence of tissue healing, including the establishment of small airways.
Our working hypothesis, being determined in ongoing studies, is that infected animals initially develop lesions, but whereas these lesions continue to develop in the BCG controls, they are limited in covaccinated animals. Whereas we cannot yet assume that the pathological processes we observed in the two studies reflect the same basic mechanisms, it seems evident that a process leading to substantial lesion healing and reso- 
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Mtb72F BOOSTS THE BCG VACCINE AGAINST TUBERCULOSIS 6629 lution had taken place in the majority of guinea pigs given BCG plus Mtb72F. In animals boosted with the DNA vaccine, the pathology we observed may reflect a slower process and perhaps an earlier stage, with wound healing and airway reestablishment that potentially may precede the lesion absorption seen in the animals receiving the protein vaccine. The driving force behind this may reflect the degree of destruction of the bacterial inoculum; whereas BCG reduces the load in the lungs fairly effectively, many remain in the form of a persistent disease. In the dually vaccinated animals, the bacterial load may be further reduced to a point where the granulomatous response is not further triggered, allowing lesion resolution (in the surviving animals given BCG plus Mtb72F, the bacterial counts were all Ͻ1,000). In work to be reported elsewhere, vaccination of primates with BCG boosted with Mtb72F-AS02A seems to follow a similar pattern, with evidence of lesions early (on X-ray plates) followed by some degree of apparent resolution; in contrast, these lesions progress in primates receiving BCG only and these animals die (S. Reed, personal communication). These studies also demonstrate the additional and more detailed information provided by the guinea pig model of tuberculosis compared to the mouse model. As shown above, vaccination of mice with the dual vaccines clearly increased the Th1 response, measured in terms of IFN-␥ production, and gave strong CTL responses. However, when exposed to aerosol challenge infection with M. tuberculosis, both groups of vaccinated animals had similar levels of protection. Whether this is a true measure of protective capacity is unclear, however, for the simple reason that the mouse model has a relatively narrow window (about 1 log) in which the bacterial load in the lungs is contained in vaccinated animals. As discussed before (16) , these limitations to the otherwise useful mouse model can be addressed by further evaluations of the guinea pig model. Here again, changes in bacterial load in the lungs may not always be evident, but other factors, notably the nature of the pathological response in the lungs, be it necrotic or lymphocytic, may directly influence the ability of the animal to control the infection, thus resulting in prolonged survival. Hence, by monitoring the survival of infected guinea pigs, one can (i) determine whether survival is statistically different from that of saline, adjuvant, or BCG controls, (ii) determine whether survival is associated with a more beneficial pathology in the lungs, and (iii) by monitoring weight loss indicating eventual euthanasia, harvest lung tissue for bacterial count determination.
Although the first wave of innovation in the recent drive to develop a new tuberculosis vaccine involved candidates designed to replace BCG, this strategy may be neither ethical nor practical. A viewpoint, voiced before (15) , has been that if BCG has a protective effect to some degree in children but not so in adults, then this implies that something has been lost (presumably the capacity to express immunological memory) which can potentially be replaced if truly lost or boosted if waning. Studies with mice (8), in which we were able to boost immunity in BCG-vaccinated animals in the latter stages of their lifespan by mid-life inoculation with a subunit vaccine, seem to support the latter theory. Studies from others (7, 11, 13) showing that BCG vaccination in mice can be boosted by DNA vaccines encoding individual antigens, such as Ag85, similarly support this concept. In this regard, therefore, the results of the present study clearly support the hypothesis that immunity engendered by BCG in the stringent guinea pig model can be improved by combination with Mtb72F. However, it remains to be determined whether Mtb72F needs to be given at the same time or soon after BCG to be effective or whether it can be given some time later (a true booster in the classical sense). Either way, this form of prime-boost strategy clearly warrants further investigation.
In conclusion, therefore, these data indicate that Mtb72F-AS02A is a valid candidate for clinical trial evaluations. Moreover, it shows that boosting or augmenting BCG, rather than trying to replace it, is a valid strategy for future tuberculosis control.
